The behaviour of artificially generated vortex by solar utilization is not well understood, as it is compressible, turbulent and 3-D. The present paper is aimed to simulate and analyse a new solar updraft power system, named vortex generation engine (VGE) to provide basic understanding of the artificial vortex. The main focus is on the effect of the upper plate diameter on the vortex structure. The simulation was carried out by CFD using ANSYS FLUENT 15. The modelled engine has 1.0 m outer diameter, 0.6 m height and 8 slots on the circumferential of the VGE for the air flow from the solar collector zone to the engine zone. The numerical procedure was validation by comparing the predicted temperature results with experimental measurements. The results have demonstrated that the upper hole of the VGE has considerable effect on the vortex generation. When the diameter of the upper hole increased from 0.3 m to 0.9 m, the strength of the generated vortex decreased. The visualization through CFD simulation illustrates that a flow circulation exists at many regions in the engine body, which reduce the system performance. As the technique is new, there is a lot of room for further investigation and improvement of the design parameters of the proposed engine.
Introduction
The solar energy is the promising free-carbon source for world energy demand growth. Among the solar conversion systems, the natural solar updraft technique is demonstrated to be effective for power generation. The solar chimney, as solar updraft system, is the widely studied and investigated from many points of view of design, performance, and enhancement methods, as reported by Al-Kayiem and Aja [1] . The newly proposed solar updraft technique is the solar vortex technique, which is aimed to replace the tall chimney by artificially generated vortex. The principles and the attempts carried out; so far, to investigate the solar vortex engine (SVE) is summarized and reported by Mustafa et al. [2] and Mustafa et al. [3] . The SVE consists of three main parts; solar air collector (SAC), vortex generation engine (VGE) and wind turbine -generator unit for power generation, as shown in Figure 1 . Previous works have been carried out aiming to analyse and to understand the effect of design parameters on the behaviour the swirl updraft. Natarajan [4] performed numerical simulation of atmospheric vortex engine (AVE) by the CFD analysis. The results show that the AVE can generate a vortex flow in the atmosphere above the engine and the vortex acts as a physical chimney limiting the mixing of surrounding air into the raising plume of hot air. The temperature difference, ΔT is the main parameter that controls the strength of the vortex and governs the power output. Then, Natarajan and Hangan [5] studied the effect of surface roughness on tornado-like vortices using Fluent 6.2 software. The investigations are carried out for swirl ratios between 0.1-2.0. They have claimed that introducing roughness increases the radial, axial and tangential velocities inside the core region. Wen and Bofeng [6] studied numerically the formation of helical vortices produced by the short twisted tape. The results showed that two symmetrical stable helical vortices are present downstream of the twisted tape. The intensities of helical vortices increase when increasing Reynolds numbers and the trend is in agreement with the swirl intensities. The intensities of helical vortices decay slowly compared with the intensities of swirling flow. Qian and Zhang [7] performed CFD numerical simulations of cyclones with various geometries and operating conditions to study the natural vortex length. The numerical solutions were carried out using commercial CFD code Fluent 6.1. The results show that inlet velocity, cyclone length and vortex finder insertion deepness also play important roles in influencing the natural vortex length other than the factors mentioned in publications. Kuai et al. [8] , through CFD simulation, model to capture the flow characteristics of both full scale and laboratory-simulated tornadoes. It was found that the tornado is sensitive to the geometrical parameters used in the numerical model. Increased surface roughness was found to reduce the tangential speed in the vortex near the ground and enlarge the core radius of the vortex, which is in conflict with Natarajan [4] claims. Ishihara et al. [9] investigated flow fields of tornado-like vortices generated by a numerical tornado simulator using the LES turbulence model for two typical swirl ratios. The core radii of simulated vortices with swirl ratios of 0.31 and 0.65 showed favourable agreement with visualized vortices by a laboratory tornado simulator.
The literature is fairly demonstrating that many design parameters on the vortex generation system are not extensively investigated and analysed. Some works focused on the surface roughness and some works on the possible enhancement by insertion of twister. However, much more investigations are required to be carried out on the SVE to further understand the swirly flow due to temperature rise in the atmospheric air.
In this study, CFD technique by means of finite-volume technique has been used to model and simulate a VGE to investigate the thermo-hydrodynamic behaviour of vortex flow field, within the core of the VGE. The simulation was carried out under assumptions of compressible, steady, turbulent, and 3-D flow. The main focus was on the effect of the size of the upper hole of the cover plate of the VGE. Upper hole diameters of 0.3 and 0.9 m were considered and the flow field was characterized in terms of the vortex strength. Moreover, model validation with experimental measurements.
Numerical simulation

Model configuration and mesh generation
The modelling is carried out in GAMBIT and subsequently the mesh is imported to FLUENT for solving and post processing as 3D cylindrical problem. The VGE configuration has an inner cylinder with eight rectangular entry air slots, eight curved air guide vanes, N, circular top hole, and outer cylinder embracing all the said parts ( Numerical simulation of swirling flow needs high quality with mesh gradient toward the centre, selection of grid interval for mesh depends on size and complexity degree. For the VGE model and the domain, by comparing the mesh parameters of EquiSize Skew and Aspect ratio, size interval of 0.01 m has been selected for good mesh properties with 272364 computational cells. Mesh of the VGE model was carried out by using tetrahedral elements of T-grid scheme. Then, the mesh was written out in the format used by FLUENT for solving process.
CFD procedure
The values of the input parameters, which are the temperature and the flow velocity, to the VGE are obtained from the SAC measured data. Experimental parameters at entry slot of the VGE have been measured, with velocity of 0.5 m/s and temperature of 31°C, and used as boundary conditions for the simulation. The ambient conditions surrounding the SVE imply that air density and viscosity are 1.161 kg/m 3 and 1.846 x 10 -5 kg/m-s, respectively, at average temperature of 26°C. The numerical simulation of the VGE was validated through comparison with the experimental measurements. Once validation was achieved, the simulation has been carried out for various diameters of the top plate. The basic diameter is 300 mm and then increased to 900 mm to inspect the influence on the vortex structure.
Numerical simulation methods
The VEG model and its domain were simulated in steady, compressible, turbulent and viscous flow field. Numerical method employed for CFD simulation of the VGE model consist of "pressure -based" solver applied in solution, "pressurevelocity coupling" scheme used in solving the flow problem in a segregated manner, and advanced viscous RNG k-ε model. RNG k-ε viscous model and the turbulent viscosity modification for the swirl effects are enabled to simulate the vortex field generated by VGE.
Results and discussion
Results of temperature, pressure, and velocity within the VGE flow field will be presented and discussed. Numerical results have been compared with measured values at ambient temperature, Tamb of 35˚C, input air temperature to the VGE of 41°C, and input air velocity at inlet slots of 0.5 m/s.
Analysis of temperature distribution
Results of total temperature distribution are shown in Further, the temperature decreases close to the upper cover, and temperature gradation focused toward the upper hole in the centre of the upper cover. Simulation case (a) indicates that the lowest temperature at the centre line of the VGE which it's equal to input temperature, the lowest temperature indicates to the 
Analysis of axial velocities
The velocity results are presented as vectors for the axial components and tangential component within the VGE. Vectors results in vertical cross section, shown in Figure 4 , display the flow axial velocity structure. Simulation case (a) shows the direction of air entering the slots as dots vectors, and air movement as slope vectors in the convergence region. Most of air motion shown in case (a) has been moved from entry slots toward the upper hole, with weak circulation region in the corners. While case (b) shows vectors motion in an irregular direction at entry slots with large circulation bubbles. This is an indication for the poor design of the slot. Larger area of the slots will reduce the circulation and reduce the blockage of the entire flow from the exit of the SAC to the body of the engine. Insight analysis of the flow behaviour summarized by the two figures indicates that the upper plate plays a role in the produced structure and strength of the vortex. In case (a), the flow is mainly directed to the central part with high vertical component, but small vortex size at the zone just upper the plate. In case (b), the flow is sound to direct to the circumferential of the engine and leaves with larger zone of rotation. The reason of the flow circulation motion dates back to increasing diameter of the upper hole from 0.3 m to 0.9 m. For no doubt, the presence of any sort of circulation within the system represents a weakness. However, fortunately, the present simulation permits good estimation on the engine design in terms of the slots and the size of the hole in the upper plate. Figure 5 shows the predicted tangential velocity distribution at the top section of the engine core, i.e. velocity vectors field in a horizontal plane at 0.6 m height within VGE. The figure shows the tangential velocity components for cases (a) and (b). In both cases, upper hole diameter of 0.3 m and 0.9 m, the tangential velocity has same sequence in growth within the convergence region. The tangential velocity was grown in vertical direction toward upper hole of 0.3 m diameter, while the tangential velocity has been decreased toward upper hole of 0.9 m diameter. The significant difference between the two cases that the tangential velocity component, in 0.3 m case, increase considerably within the central part of the engine. In contrast, the tangential velocity components, in the case of 0.9 m upper hole, are increasing at the outer zone of the engine. In fact, which is more effective in the system performance is not well understood. Further analyses are needed to study the back effect on the up draft of air, and more analysis on the produced pressure difference.
Analysis of tangential velocities
Validation of the CFD simulation
Validation of the numerical procedure has been achieved by comparison the simulation results with the experimental results obtained from the measurements of experimental model. The numerically predicted and the measured air temperatures, of the 0.3 m hole diameter case, have been compared, as in Figure  6 . The mean percentage of differences between the simulation results and the experimental measurement is 5.1%, which is acceptable for such complex flow phenomena.
The results in the figure demonstrate that the CFD simulation results of the temperature are lower than the measured ones. The reason dates back to the existence of additional heat sources in the experimental work which have not been accounted in the CFD simulation. This additional heat is created from the upper plate and transfer to air in the engine core in terms of convection and radiation heat.
Conclusions
VGE is the heart part of the SVE. The flow field within the VGE is simulated computationally, using ANSYS FLUENT 15, and the results are validated by comparison with experimental measurements. The conclusions drawn the results, are:
• The obtained results are clearly showed the capability of the proposed VGE to produce artificial vortex by the solar energy utilization. • The tangential velocity is growing in value in the upper zone of the engine, compared to the lower zone, in the case of 0.3 m diameter, while the tangential velocity is decreasing is the flow moves up, in the case of 0.9 m upper hole diameter.
• The upper hole of the VGE has considerable affects the vortex generation and swirl strength. When the diameter of the upper hole increases from 0.3 m to 0.9 m, the strength of the generated vortex decreases, which is indicated by the reduced values of the tangential velocity component.
However, it is recommended to extend the simulation and the experimental measurement to inspect the back effect of the upper hole on the up drafting force. This requires further simulation and analysis in terms of the pressure and pressure difference across the engine.
